When different visual stimuli are presented to the two eyes, they typically compete for 24 access to conscious perception, a phenomenon known as binocular rivalry. Previous 25 studies of binocular rivalry have shown that neural responses to consciously 26 suppressed stimuli are markedly diminished in magnitude, though they may still be 27 encoded to some extent. Here we employed multivariate forward modelling of human 28 electroencephalography (EEG) data to quantify orientation-selective responses to 29 visual gratings during binocular rivalry. We found robust orientation tuning to both 30 conscious and unconscious gratings. This tuning was enhanced for the suppressed 31 stimulus well before it was available for conscious report. The same pattern was 32 evident in the overall magnitude of neural responses, and it emerged even earlier than 33 the changes in neural tuning. Taken together, our findings suggest that rivalry 34 suppression affects broadband, non-orientation selective aspects of neural activity 35 before refining fine-grained feature-selective information. 36 37 3
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suggested that stimulus selectivity is affected during rivalry 7, 22 , but no study to date has 83 examined how rivalry affects neural representations of specific stimulus features. 84 To address this question we used multivariate forward modelling 23-26 of human 85 electroencephalography (EEG) data to quantify orientation-selective responses to 86 visual gratings that were undergoing changes in awareness during binocular rivalry. To 87 anticipate the results, we observed robust orientation tuning to both conscious and 88 unconscious gratings. Strikingly, orientation tuning began to increase for the currently 89 suppressed stimulus more than 300 ms before observers were aware of it, while at the 90 same time orientation tuning began to decline for the currently perceived grating that 91 was about to be suppressed from awareness. The same pattern was evident for the 92 overall magnitude of neural responses, and this effect emerged even earlier than the 93 changes in neural tuning (~800 ms before observers' button press indicating a switch 94 in percept). Taken together, our findings suggest that rivalry suppression first affects 95 the broadband, and non-orientation selective aspects of the neural information, before 96 refining the fine-grained feature selective information.
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Results
98
To quantify the time-course and extent of neural information processing of 99 conscious and unconscious stimuli, we presented spatially overlapping red and green 100 gratings dichoptically to the left and right eyes. ( Figure 1A ; Movie 1). Dichoptic 101 presentation causes interocular suppression, such that observers perceive a single 102 coherent image that oscillates stochastically between the two stimuli over time, with 103 occasional mixed percepts in between ( Figure 1B) 27, 28 . To measure time-resolved 104 neural responses to the stimuli, we recorded neural activity using EEG, while the two 6 orthogonally oriented gratings counter-phase flickered at two different frequencies (20 106 and 24 Hz). The two gratings generated distinct steady-state visual evoked potentials 107 (SSVEPs) that were tracked continuously over each 30 s trial. As described in detail 108 below, the orientations of the two gratings varied from 0° to 160° (in 20° steps) across 109 the trials to enable modelling of orientation-selective responses as a function of 110 perceptual awareness. Participants (N = 22) reported whether they perceived the red or 111 green grating, or a mixed percept, while we measured SSVEP responses. The 112 magnitude of SSVEPs generated by rivalrous gratings are typically anti-correlated, 113 exhibiting a larger response to the grating that is consciously perceived than to the 114 grating that is suppressed from awareness 16 . were presented on a computer screen while neural activity was recorded using EEG. A 120 mirror stereoscope and a dividing board ensured that each eye received visual 121 information exclusively from one of the two gratings, yielding binocular rivalry. (B) 122 Under binocular rivalry observers typically perceive a slowly alternating percept in 123 which one of the two gratings dominates in perception and the other is suppressed.
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Here observers occasionally reported a combination of either colour or orientation 125 information (i.e., a mixed percept). (C) To separately track the brain's response to the 126 gratings, the two stimuli counter-phase flickered at 20 and 24 Hz, producing unique 127 frequency tags in the EEG. An illustrative segment from a typical trial of the rivalry task 128 showing neural responses to the gratings (i.e. the power at the tagged frequencies) as 129 a function of the participant's percept. (D) Mean frequency response for all participants 8 presented gratings to produce 'aware' and 'unaware' epochs (see Methods for further 143 details). The label of the response (i.e., aware versus unaware) was defined relative to 144 the percept reported at the time of the button press (0 ms). As shown in Figure 2B , the 145 SSVEP elicited by the currently suppressed grating began to increase around 1500 ms 146 before the stimulus was consciously perceived. At the same time, the SSVEP elicited 147 by the currently perceived stimulus began to decline sharply after it had been reported, 148 and the response to the suppressed stimulus began to rise. Thus, around 1000 ms 149 after the observers' button press, the neural response to the unaware stimulus was 150 now larger than the response to the stimulus that was currently perceived. This timing 151 fits with the behavioural observation that periods of stimulus dominance lasted on 152 average around 1390 ms. As shown in Figure 2C Stimulus-evoked SSVEPs predict perceptual reports prior to awareness 180 We next sought to determine whether SSVEPs could be used to predict which 181 percept the participant would report on a single-trial basis. To do this, we used a Next, we sought to answer the critical question of whether orientation selectivity 196 for the rivalrous gratings was influenced by observers' awareness of the frequency-197 tagged stimulus. To do this, we applied forward encoding modelling, which has 198 previously been used to recover orientation selectivity from both EEG and MEG 199 activity [23] [24] [25] [26] 29 . Broadly, this technique identifies multivariate patterns of EEG activity that 200 are selective for defined stimulus features, in this case orientation (see Figure 3 for an 201 11 example). We convolved grating orientation in each epoch against a bank of nine 202 canonical, orientation-selective tuning functions, each maximally sensitive to a different 203 orientation, to produce regression coefficients for that trial ( Figure 3B ). Then at each interested in any specific orientation, but rather in orientation selectivity in general, and 232 to increase the signal to noise ratio, we re-centred all the representations to the 233 presented orientation (0° for consistency) in that trial. To quantify orientation selectivity 234 between different conditions, these outputs were fit with a Gaussian function, with the 235 amplitude providing an index of orientation selectivity (see Methods for details).
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The forward encoding model revealed a strong orientation-selective neural 237 response that was tuned to the presented orientation ( Figure 4A ). Strikingly, we found 238 orientation-selective response to both the currently perceived grating and to the 239 grating that was suppressed due to binocular rivalry. Critically, this result suggests that 240 the visual system encodes feature-selective information about the presented stimulus 241 even when that stimulus is not consciously perceived. Moreover, just prior to the 242 observers' button press indicating a switch in percept, the grating that was currently 243 suppressed but was about to be consciously reported was associated with 244 significantly greater orientation selectivity than the grating that was perceived (but was 245 about to be suppressed). Figure 4A ) to recover the tuning curve, and fitted Gaussian functions to quantify the 262 change in neural representations ( Figure 4B ). This again revealed robust orientation-263 selective responses to both aware and unaware stimuli, shown by the tuned response 264 at the presented orientation (0°). The analysis also confirmed that the amplitude of the 265 orientation-tuning functions was reliably larger for grating stimuli when they were aware 266 than when they were unaware (p = .01), suggesting that conscious perception is 267 associated with a boost in the gain of orientation selectivity (or a suppression in the 268 gain for suppressed stimuli). Crucially, however, at the same time points relative to 269 observers' perceptual reports, there was no change in the width of the tuning functions 270 (p = .37), suggesting that awareness does not alter the fidelity or tuning of the pairs of gratings were presented dichoptically to induce binocular rivalry. 284 We found significant orientation selectivity in neural activity associated with both 285 aware and unaware gratings, and this response increased just before the reported 286 change in awareness. Forward encoding modelling allowed us to quantify orientation 287 tuning curves. These analyses revealed that while the gain (amplitude) of orientation 288 tuning was affected by rivalry, the fidelity (or sharpness) was not. We also found that 289 the overall neural response to the gratings, as indexed by the power of the frequency-290 tagged SSVEP, began to increase ~1000 ms before orientation-selectivity changed. On Our results are broadly consistent with findings from invasive recordings in 303 macaque visual cortex during binocular rivalry 10,31 . Around 300 ms before the currently 304 suppressed stimulus broke into awareness, we found that orientation selectivity for the 305 grating began to increase. This anticipatory neural response in humans is consistent 306 with findings from neuronal recordings in macaque area V4, which have shown that the 307 firing rate of neurons during binocular rivalry increases around 300-500 ms before the 308 animal reports a change in the perceived stimulus. Our work goes beyond these 309 findings by showing that, in humans, orientation-selective information is reliably 310 available to the system even when a rivalrous stimulus is not consciously perceived.
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More broadly, our findings are consistent with the influential global workspace 312 theory of consciousness 32, 33 , which proposes that while all stimulus information is 313 represented by early sensory regions, only those that get fed through to higher cortical 314 regions activate a global brain network and thus reach awareness. On this account, 315 stimuli reach awareness because they induce high synchrony within a global network 316 of more local networks. Once an item has activated the global network, it can inhibit 317 alternative and competing stimuli. Our results potentially add to this account, as we 318 found that during rivalry broadband neural responses first change with awareness, and 319 are followed several hundred milliseconds later by more fine-grained (feature-specific) 320 changes in stimulus representations. One way this might occur is via feedback 321 connections from higher brain areas, which are predicted to have access to the global 322 workspace, to lower-level sensory regions which represent stimulus-selective 323 information such as visual orientation. This idea could be tested by disrupting higher 324 cortical areas -for example using transcranial magnetic stimulation -and measuring 325 changes in orientation tuning to rivalrous stimuli. Future studies could also apply the Prior to the start of the experiment, participants aligned the mirror stereoscope 346 ( Fig 1A) so images presented to the left and right eyes appeared overlapping. Identical 347 circular checkerboards were placed around the stimulus in both eyes to encourage 348 fusion of the images. Each trial began with presentation of these checkerboards and a 349 central Gaussian fixation dot. After 1500 ms, green and red square-wave gratings were 350 presented to the left and right eyes, so that they appeared within the centre of the 351 19 surrounding checkerboards. The colours were presented at 100% luminance intensity.
352
To generate SSVEPs, the gratings counter-phase flickered at 20 and 24 Hz for 30 s.
353
Counter-phase flickering square-wave gratings were used because these produce 354 large SSVEP responses and produce orientation-selective neural activity that can be 355 tracked with EEG [13] . Participants indicated whenever the percept (red, green or 356 mixed) changed during the trial using separate keys on a standard keyboard. For half 357 the participants, the red gratings flickered at 20 Hz and the green gratings flickered at 358 24 Hz; for the remaining participants these contingencies were reversed.
359
Across trials the orientations of the gratings were varied between 0° and 160° (in 360 20° steps) so that forward encoding modelling could be employed to determine 361 orientation selectivity contained with the EEG data. The orientations of the pairs of 362 gratings presented in each trial were always perpendicular to ensure strong rivalry 363 between the stimuli 31,37,38 . There were 90 x 30 s trials in total across the experiment, 364 meaning that each orientation was repeated 10 times.
365
EEG acquisition and pre-processing 366 Continuous EEG data were recorded using a BioSemi Active Two system 367 (BioSemi, Amsterdam, Netherlands). The signal was digitised at 1024 Hz sampling rate 368 with a 24-bit A/D conversion. The 64 active scalp Ag/AgCl electrodes were arranged 369 according to the international standard 10-20 system for electrode placement [26] 370 using a nylon head cap. As per BioSemi system design, the common mode sense and 371 driven right leg electrodes served as the ground, and all scalp electrodes were 372 referenced to the common mode sense during recording.
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Offline EEG pre-processing was performed using EEGLAB in accordance with 374 20 best practice procedures 39, 40 . The data were initially down sampled to 256 Hz and 375 subjected to a 0.5 Hz high-pass filter to remove slow baseline drifts. Electrical line 376 noise was removed using the clean_line.m, and clean_rawdata.m in EEGLAB [29] was 377 used remove bad channels (identified using Artifact Subspace Reconstruction), which 378 were then interpolated from the neighbouring electrodes. Data were then re-referenced 379 to the common average before being epoched into trials (-1 to 31 s). Systematic 380 artefacts from eye blinks, movements and muscle activity were identified and 381 regressed out of the signal using semi-automated procedures in the SASICA toolbox 382 [30] . After this stage, any trial with a peak voltage exceeding ±100 uV was excluded 383 from the analysis.
384
Data analysis 385
A wavelet transform (150 ms time-domain standard deviation) was applied to 386 the recorded EEG data in each trial to extract the neural response to the two gratings.
387
The data were then epoched into 4 s time periods symmetrically around each button 388 press (-2 s to + 2 s), which observers used to indicate a change in the perceived 389 grating. Epochs were only included if the preceding epoch was not a mixed percept, so 390 we were certain the preceding epoch was the previously aware stimulus. We did not 391 include periods with mixed percepts because these are by definition ambiguous with 392 respect to stimulus awareness (i.e., both stimuli are perceived to some extent). Epochs 393 were also only included if the button press occurred between 2 and 28 s into the trial 394 (thus ensuring a robust frequency tagged signal). To ensure the encoding reflected 395 periods of stable perception, only dominance periods lasting longer than 500 ms were 396 included. Two participants were excluded because most responses were between one 397 21 colour and mixed. Two further participants were excluded because they reported 398 significantly fewer switch (<100, SD < 2 SD below average). This produced a mean of 399 1276 epochs for the remaining (N = 22) participants (range = 445 to 1963 across the 400 participants). For each participant the periods of dominance were relatively evenly split 401 between the two colors; there were relatively fewer periods in which the percept was 402 mixed, and these tended to be shorter-lived in duration (Figure 2A ). To maintain 403 consistent phase information in the SSVEPs, we aligned the nearest counter-phase 404 flicker within the epoch to the participants' button press, separately for the 20 and 24 405 Hz frequencies.
406
Forward encoding modelling 407 We used forward encoding modelling to extract the orientation selective 408 response from the patterns of EEG activity. This technique transforms sensor-level 409 activity distributed across the scalp into tuned 'feature-channels' that are selective for 410 a specific feature dimension, in this case orientation 23, 24, 26, 29 . To do this, we used the 411 orientations of the epoched data segments (4 s each) to construct a regression matrix (1)
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Where B1 (64 sensors x N training trials) is the electrode data for the training set, C1 (9 419 channels x N training trials) is the tuned channel response across the training trials, and 420 22 W is the weight matrix for the sensors to be estimated (64 sensors x 9 channels).
421
Following an approach recently introduced for the analysis of MEG data, we separately 422 estimated the weights associated with each channel individually [31] . W was estimated 423 using least square regression to solve equation (2):
Following this previous work 41, 42 we also sought to remove the correlation between the Gaussian temporal kernel to increase signal-to-noise 29 .
440
To quantify orientation selectivity, we fit the results of the forward encoding 441 model with a Gaussian function (4) using least square regression to quantify the 442 amount of orientation selective activity.
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